Although chemical exposure has been associated with reduced reproduction in certain North American fish, reptiles, and mammals, definitive causeand-effect data are lacking in many instances. Because the increasing use and global transport of industrial chemicals pose significant risk to successful reproduction, methods should be developed that can define the geographic extent and magnitude of injury and risk to wildlife. Because industrial chemicals are articles of commerce, information about injury to wildlife has been contentious and too often ineffective in changing societal behavior. The following strategies are advocated for inferring causal relationships. First, a balanced and comprehensive assessment of the data is necessary to determine the geographic extent of exposure and reproductive effects associated with environmental pollution. Initial efforts to document reproductive injury should focus on specific ecosystems in which detrimental effects have been observed, but lack sufficient causal data. Model systems (including experimental mesocosms or field ecosystems) should be identified or designed that can adequately test multigenerational reproductive effects. Mechanistic data from supportive laboratory studies on reproductive toxicity, quantitative structure-activity relationships, and bioaccumitlation can be used to predict effects of related pollutants and to determine risk. Such information is essential to prevent future injury to wildlife and to prioritize the numerous remediation decisions facing our society. -Environ Health Perspect 1 03(Suppl 4): 87-91 (1995) 
Introduction
In the last 50 years, increasing production and use of industrial chemicals has led to the worldwide contamination of ground water, lakes, and oceans (1) . Contaminants can enter the food chain and some can subsequently bioaccumulate in wildlife. A few of these chemicals have been associated with reproductive injury in wildlife (2) (3) (4) (5) (6) (7) . In December 1993, a group of North American wildlife biologists convened to critically assess evidence of specific instances where these contaminants were reported to produce deleterious effects in wildlife populations through interference with reproduction or embryonic development. Because of the large historical database on the Laurentian Great Lakes, the majority of the studies focused on this area, although reports were also presented on lakes in Florida, coastal Florida, Arkansas, New York, the western coast of the United 
Recommendation One
A balanced and comprehensive assessment of the data should be conducted linking exposure and reproductive injury to wildlife on a continental and global basis. Documentation and critical assessment of observational associations between contaminants and wildlife declines are essential because toxicologists, ecologists, and resource managers infrequently interact, and there appears to be a general reluctance among resource managers to consider that toxic chemicals can effectively reduce exposed populations (13) (14) (15) . Most field studies yield associations between reproductive injury and chemical contaminants, not definitive cause-and-effect relationships. The evidence for causality of reproductive injury can be systematically examined using the ecoepidemiological criteria proposed by Fox (9) . For an individual data set, this approach provides a measure of the association's probability, chronological relationship with exposure, strength of the association, and specificity (9) . Information from different data sets can be synthesized to evaluate other criteria of causal inference (consistency on replication, predictive performance, and biological coherence).
At present, a comprehensive synthesis of the various data sets linking exposure and wildlife effects has been performed on only one geographic region, the Laurentian Great Lakes. The Fox criteria (9) (17, 18) . The emphasis on aquatic ecosystems is primarily due to the fact that many of the chemicals that affect reproduction are lipid-soluble, bioaccumulate through the aquatic food chain, and frequently exert effects in highly visible species at the top of the food chain (1, 8, 16) . Obviously, a continental or global risk assessment of the these contaminants to wildlife should also include data from currently underrepresented ecosystems (e.g., terrestrial ecosystems such as temperate and tropical wetlands, deserts, and high elevation communities) and from organisms on all trophic levels. Currently, freshwater fish and birds feeding in lakes are the most extensively studied organisms (1) . Although global population declines are under way for many amphibian (19) (20) (21) and chondrichthian (22, 23) species, no published studies are available on the biological effects of sublethal doses of chemicals with known endocrine-disrupting or reproductive activities in these species. Could these declines be attributed, in part, to the deleterious effects of such contaminants?
Until the recent meeting organized by the World Wildlife Fund, few opportunities have existed for biologists from varying disciplines to discuss their concerns and data on this topic with a continental or global perspective. A clear consensus from the meeting called for future research to define model systems that could be used to document multigenerational reproductive effects. These model systems could be controlled mesocosms that are representative of an ecosystem of interest or dedicated field study areas such as the Great Lakes watershed (24) (25) (26) . Properties of the ideal model must first be identified by an interdisciplinary team interested in evaluating that particular system. These properties will probably be unique to each system, target species, or contaminant of concern. Initially the most useful model systems are expected to be field study areas in which detrimental effects have been observed at the organismal or population levels, but which lack sufficient cause-and-effect support.
For example, many of the highly contaminated sites identified throughout North America (e.g., U. performed, but a complete interpretation of the results and assessment of risk is lacking due to paucity of causal or mechanistic data. For example, laboratory-based causal data were rapidly obtained once ecological studies identified that the population collapse of several avian species was due to eggshell thinning (27) . Thus, a more rigorous demonstration of cause and effect could be initially reserved for a selected number of contaminants or chemical classes thought to have the most serious consequences based on ecological data. Likewise, these causal studies would be linked with research on the physiological (endocrine) mechanisms associated with embryonic development, reproduction, immune system function, growth and metabolism.
Using the combined data sources established above, identified ecosystems and species could rapidly be assessed. Through the use of model systems, effects at the individual, population, and community levels could be linked and relative risks calculated as the contaminants) flows throughout the trophic system. Because environmental contaminants do not exist singly, further studies should concentrate on evaluating contaminant synergism. The interactive effects of contaminant mixtures can be evaluated using a number of experimental designs. For example, full factorial design experiments have been shown to be powerful in discriminating individual as well as interactive effects (28, 29) . Studies of the interactive nature of complex contaminant mixtures may also be done in a small number of field verifications of data from laboratory bioassays, where much progress has been made to simplify our understanding of contaminant interactions (30, 31) .
Recommendation Tlhee
An improved scientific basis for risk analysis and prediction of reproductive toxicity should be developed. This may be most effectively achieved by integrating assays of common toxic mechanisms for reproductive injury, quantitative structure-activity relationships (QSARs), and contaminant bioavailability/bioaccumulation .
Environmental risk analysis and prediction of deleterious effects on wildlife should be based on an integrated set of data, including laboratory bioassays and quantitative modeling for determination of dose effect where it is applicable. Because many of the chemicals of concern affect development or mimic/inhibit hormones (8) , systematic testing of environmental contaminants must include standard development assays as well as more innovative assays evaluating hormonal disruption in target species. Multigenerational testing of contaminants is also a priority, although few such assays are currently available for wildlife.
Recent progress has been made in quantifying the effects of contaminants and complex mixtures on wildlife using embryo development assays and in vitro tests. Validated mortality/teratogenicity tests are available which employ chicken (32), fish (33) , and amphibian (34) embryos as well as a number of freshwater and marine invertebrates (33, 35) . Reproduction bioassays have also been developed for a number of freshwater and marine plants (33, 35) . Data from the frog embryo test (FETAX) (34) are now being used to predict the interactive effects of narcotic chemicals, which provide the simplest model of additive mixture effects (30, 31) . Assessment of complex mixtures with common toxic mechanisms could be achieved using assays such as the rat hepatoma H4IIE bioassay system (36) (37) (38) , which is extremely promising for the evaluation of dioxinlike toxicity and yields toxic equivalency factors (TCDD-equivalents) (11) essential for modelling. Calibration of effects from egg injection studies (39, 40) , laboratory exposures (41) , and H4IIE bioassays will facilitate risk assessment of environmental samples containing polyhalogenated hydrocarbons. Similarly, an in vitro approach has yielded information on the estrogenic equivalency of environmental chemicals (42) and can be used with target wildlife species (43 (44) . Although at first appearance this may seem to complicate the prediction of toxicity to the point of impossibility, application of these approaches to specific model ecosystems might yield sufficient information to develop workable predictive assessment tools. There is currently enormous societal pressure to identify, curtail, and clean up contaminated sites, be they chemical or nuclear contaminants. Given the limited financial resources available, the great number of these sites demands prioritizing them for remediation. As scientists, we must provide guidance for these decisions that involve huge costs and dramatic societal changes. On a global scale, we can intervene in many cases to prevent further pollution of developing countries and undeveloped regions. Scientific decision making should be shifted from being solely based upon data to an integration of data, our professional experience, and practical inference. It is difficult to advocate action in the face of scientific uncertainty, but too often we minimize the power of the information we already possess. It is time to broaden our role as scientists to develop a rationale for making urgent environmental decisions through improved approaches to investigating injury caused by contaminants, risk analysis, and predictive capability.
